Abstract. This study analyzes the response of the Global Disasters Alerts and Coordination System (GDACS) in relation to a case study: the Kepulaunan Mentawai earthquake and related tsunami, which occurred on 25 October 2010. The GDACS, developed by the European Commission Joint Research Center, combines existing web-based disaster information management systems with the aim to alert the international community in case of major disasters. The tsunami simulation system is an integral part of the GDACS. In more detail, the study aims to assess the tsunami hazard on the Mentawai and Sumatra coasts: the tsunami heights and arrival times have been estimated employing three propagation models based on the long wave theory. The analysis was performed in three stages: (1) pre-calculated simulations by using the tsunami scenario database for that region, used by the GDACS system to estimate the alert level; (2) near-realtime simulated tsunami forecasts, automatically performed by the GDACS system whenever a new earthquake is detected by the seismological data providers; and (3) post-event tsunami calculations using GCMT (Global Centroid Moment Tensor) fault mechanism solutions proposed by US Geological Survey (USGS) for this event. The GDACS system estimates the alert level based on the first type of calculations and on that basis sends alert messages to its users; the second type of calculations is available within 30-40 min after the notification of the event but does not change the estimated alert level. The third type of calculations is performed to improve the initial estimations and to have a better understanding of the extent of the possible damage. The automatic alert level for the earthquake was given between Green and Orange Alert, which, in the logic of GDACS, means no need or moderate need of international humanitarian assistance; however, the earthquake generated 3 to 9 m tsunami run-up along southwestern coasts of the Pagai Islands where 431 people died. The post-event calculations indicated medium-high humanitarian impacts.
Introduction
Natural hazards such as earthquakes, tsunamis, land subsidence, coastal inundations, floods, volcanic eruptions and landslides threaten Indonesia because it is in the collision zone of three tectonic plates (Euroasian, Indian-Australian and Pacific Plates) between the Pacific and the Indian Oceans and between two big continents (Australia and Asia) (Sutikno, 2007; Marfai et al., 2008) . Tsunamis and coastal inundations are very common due to frequent earthquakes and submarine landslides. Approximately 22 000 people died because of tsunamis and earthquakes in the Indonesian region during the 20th century (ADRC, 2000) . Almost 230 000 people died due to the catastrophic tsunami induced by the Great Sumatra Andaman earthquake on 26 December 2004 in western Sumatra, Indonesia (UNESCO/ IOC-NOAA ITIC, 2010). Over the last decade, significant loss of lives, environmental damages and socio-economic losses have increased the interest of researchers, international scientific organizations and governments in tsunamis. Tsunami modeling, early warning systems and paleotsunami researches are important tools to understand the mechanisms of tsunamis, to determine the probability of occurrence in a region, and to prevent or decrease the catastrophic damages of tsunamis and the related losses.
Tsunami Early Warning System, scenario database and alerts in GDACS
Over the centuries large earthquakes have triggered tsunamis bringing death and destruction over a wide area of the world. It soon became clear that these earthquakes could not have been predicted. The time difference between the origin time of an earthquake and the time of arrival of the first tsunami wave makes a Tsunami Early Warning System (TEWS) feasible. The investment in design and installation of a dedicated system can be justified on this basis. However, it is difficult to design TEWSs when a tsunami triggered by an earthquake close to shore reaches coastal areas in a few minutes. But lives can at least be saved in countries more distant from the earthquake's epicenter. Although it is a challenge to design TEWS for the near field tsunamis, the arrival times and maximum heights could be estimated by combining the real time earthquake data with pre-defined sources and precomputed tsunami scenarios. In the early 60s, after the 1960 Chile Tsunami that caused fatalities also in Japan after 22 h of wave propagation in the Pacific Ocean, the United Nations Educational Scientific and Cultural Organizations-Intergovernmental Oceanographic Commission (UNESCO-IOC) established the Pacific Tsunami Warning System (PTWS) to alert the coastal countries for the potential of a destructive tsunami wave. This system was based on earthquake parameters (magnitude, lo- cation and depth) and did not rely on any modeling tool. It was useful over the years to prevent large destruction, in particular for large events.
Numerical tsunami propagation models (MOST, TUNAMI-N2, SHIFT, COMCOT, SWAN, AVI-NAMI, NAMI DANCE, etc) are well developed but they present a challenge to run in real-time, partly due to computational limitations and also due to lack of detailed knowledge of the earthquake rupture details (Titov et al., 2005; Greenslade and Titov, 2008) . Thus, the computational methods relying on numerical tsunami propagation are generally based on pre-defined sources and pre-computed tsunami scenarios.
JRC developed a global tsunami modeling system, which is integrated into the GDACS (Annunziato, 2007) . Precomputed scenarios are used in order to estimate the alert level as quickly as possible and issue the related warnings to GDACS users. An online calculation system is optimized in order to run immediately whenever a new event or a new revision of an event is available. The system is aimed at estimating the wave arrival times and maximum heights provoked by the earthquakes. A numerical simulation model called SWAN (Mader, 1988) was adapted to the system in order to perform all the grid scenarios calculations. It is initialized and run when a new earthquake is detected. The simulation model solves the non-linear long wave equations of the fluid flow by using a finite-difference scheme (Mader, 1988) . The approximation of non-linear long wave equations is performed in geographical coordinates and is adopted to simulate tsunami propagations with an initial displacement of the ocean bottom deformation due to faulting (Fig. 1) . It is assumed that this deformation is instantaneous and fully transmitted to the sea surface. Hence, the pre-defined earthquake sources can be modeled as a rectangular fault plane characterized by parameters describing location, orientation, depth, length (L) and width (W) of the fault for different magnitudes. The length and width of the fault can be inferred from empirical studies since the true fault plane can only be estimated by applying inversion techniques to teleseismic waves. The calculation parameters of the fault, currently assumed in both the scenario and the online calculations, were calculated by using empirical equations as a function of magnitude, which can be expressed as follows (Utsu et al., 2001; Ward, 2002) :
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where L, W and M are fault length (km), width (km) and magnitude, respectively. Relationship between the length and average slip was used as in the following equation (Ward, 2002) :
where u is the average slip in meters and L is the length of the fault in kilometers. The form of the wave is obtained from a half cosine with a maximum amplitude given by the relation (1). This form is an arbitrary choice that links the tsunami height at the source to the earthquake slip on the fault. The initial cosinusoidal hump sources for the vertical deformation of the sea floor are calculated for each point of the grid in the database. Figure 2 shows the initial cosinusoidal hump tsunami source of the 2010 Kepulaunan Mentawai event due to the magnitude of 7.7 that issued an orange alert in the GDACS system. This form is very close to a very shallow focal depth and represents a "worst case" scenario for the establishment of the maximum height. The prepared scenario database includes pre-computed cases obtained by considering all the known historical events. Around every historical event a grid of 10 × 10 data points at 0.5 degrees interval has been identified (Fig. 3) , leading to 10 180 potential source epicenters; additional 280 epicenters have also been included to complete some areas in the Gulf of Cadiz . For each point of the grid, calculations in the magnitude range from 6.5 to 9.5 with interval of 0.25 have been performed, for a total of 136 000 calculations covering all the tsunamigenic regions of the World Oceans. The fault strike was assigned to be parallel to the orientation of plate boundaries since the majority of fault strikes are parallel to the orientation of plate boundaries in subduction areas.
The pre-defined calculations were performed with a calculation grid varying from 1 to 20 arc-min, depending on the size of the magnitude. The larger events have a greater propagation extent and therefore the grid cell size is increased in order to keep the running time reasonable. The choice to use large grid size may have an influence for particularly large events; this is why a new database is being prepared with a different criterion that guarantees smaller grid cell size close to the coast and the new calculations are in progress. The predefined calculations were performed using resampled values from ETOPO2 (2006) bathymetry data. The scenario calculations do not consider the depth as a parameter; therefore in the GDACS evaluation of the events, the highest wave height calculated for any given scenario is multiplied by a factor which is a function of the magnitude and the depth, in order to account for the reduction due to the location of the hypocenter since deep earthquakes could generate smaller sea level deformations. The reduction coefficient function has been obtained by analyzing the effect of the depth on the initial sea level deformation conditions, running Monte Carlo Simulations for several width/length/depth combinations and adopting an Okada (1985) model; from these simulations the following relation was derived:
where H 5 km is the initial height with a depth of 5 km and H is the initial height for the current depth (Table 3) . For example, the depth factor is calculated 0.8 for a depth of 18 km (Fig. 4) . Thus, the calculated wave height of 3.16 m is reduced to 2.5 m. However, the depth factor was not used for the near real-time and post-event calculations.
The next important step is to retrieve tsunami heights and arrival times from the database. The system works by using the data notified to JRC by the seismological organizations. At the moment, JRC has concluded agreements with several international seismological organizations such as National Earthquake Information Center (NEIC), NEIC, National Oceanic and Atmospheric Administration (NOAA), European Mediterranean Seismological Centre (EMSC) plus other national Institutions such as Institute of Meteorology (IM), Portugal, Kandilli Observatory Earthquake and Research Institute (KOERI), Turkey and National Observatory of Athens (NOA), Greece, which write new records related to every new event or revision into the JRC system, a so-called "push system". When a new earthquake is added Orange Alert Maximum height is between 1 and 3 m
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Maximum height is greater or equal than 3m to the JRC repository, GDACS chooses the most appropriate data from the scenario database which match the detected earthquake according to the epicenter location and magnitude. If a scenario calculation is available for that point, the earliest arrival times and the maximum tsunami heights at each coastal settlement are retrieved. The maximum height is used by the GDACS to establish the alert level according to a simple logic (Table 1) and eventually used to create alert reports sent to the registered users by mail, fax or SMS. In addition to the scenario pre-computed data, all revised epicenter and magnitude data are also used in order to initialize an online calculation. In general, this calculation is more accurate because it is initialized with the revised earthquake parameters while the previous one is just the closest match in the database. The on-line calculations are also available to the users accessing the GDACS website but these cannot be useful for the alerting logic because the online calculations take about 30-40 min to be completed. The flowchart of GDACS web applications for earthquake and tsunami alerts is shown in Fig. 5 . Lay et al. (2011a) In general the GDACS alerts are based on three classes according to the likelihood of humanitarian disasters, international assistance possibility and expected maximum tsunami heights (Table 1) . These classes are created by the risk models and selected by a computer program based on the earliest available information of an event. GDACS combines information on the event, the population in the affected area and the vulnerability of that population to derive an alert level that indicates the probability for a catastrophic situation requiring international humanitarian intervention. In the case of a tsunami, the alerting level does not depend on the population density around the epicenter because it may well happen that the waves can travel thousands of km and still put at risk coastal populations. Therefore, the alert logic is only based on the expected maximum height in populated locations for the tsunamis.
Historical Tsunami records in the Indian Ocean
A detailed archival research on the propagation mechanism and impact of historical tsunamis is necessary for better understanding the records and effects of tsunamis in the Indian Ocean and for estimating the probability of occurrence in the future (Dominey-Howes et al., 2007) . Vulnerable coastal areas for tsunamis in Indonesia are shown in Fig. 6 .
The records of past tsunamis generated in or affecting a particular region are necessary to determine the probability of the occurrence of a tsunami with a specific size in a certain period. Such a list of historical records can be used to sketch the graph of a frequency-recurrence curve and estimate return periods for events of different magnitudes. Therefore, historical records should extend back for a long time period and be as accurate as possible (Dominey-Howes, 2002) . Table 2 lists the historical tsunami records in the Indian Ocean. Natawidjaja et al. (2006) described the 1797 earthquake in Padang: "In 1797 Padang was a tiny English colonial settlement 1-2 km upstream from the coast on the banks of a small river. The tsunami ran up the river and according to contemporary accounts it picked up a 150-ton English sailing vessel that was moored near the river mouth, carried it up the river and deposited it over the river bank in the middle of town. That would have required an overland flow depth of several meters". Padang now has a population over 800 000. The effects of the 1797 tsunami would be catastrophic today. The 1833 tsunami affected Bengkulu destructively (Sieh, 2007) . Today, the population that could be affected by a tsunami in Bengkulu, Padang, Mentawai Islands and the other coastal cities in Western Sumatra is more than a million. The analyses of the 1797 and 1833 tsunamis and scenarios showed that residents of coastal West Sumatra and Bengkulu provinces are at risk from tsunami surges that will result from the next great ruptures of the Sunda megathrust beneath the Mentawai Islands (Borrero et al., 2006) .
Seismotectonics properties of the region
The Kepulaunan Mentawai Earthquake of 25 October 2010 occurred near the subduction interface plate boundary between the Australian and Sunda plates. The Australian plate moves relative to the Sunda plate in the region. The plates meet at the Sunda trench, a subduction zone that extends from Myanmar to south past Sumatra and Java and east toward Australia. The subduction zone is a part of long convergent belt in the region (Fig. 7) . This subduction zone is one of the most seismically active regions in the world. Earthquakes frequently occur along the Sunda trench and the Sumatra fault. Five earthquakes with M w > 8.0 have happened in the region within the last two centuries as shown in Table 2 , including the recent M w = 9.0 event on 26 December 2004. The Sunda trench is considered a megathrust fault. Thus, this region has a high possibility of generating tsunamis. A better understanding of the tectonics and rupture process in the region is important for evaluating the possible consequences of the future tsunamis for risk mitigation.
The rate of relative plate motion varies from east to west across the region. Interplate earthquakes occur as the result of seismic slip on the thrust boundary between the overriding Sunda plate and the subducting Australian plate (USGS, 2010a). The arrows shown in Fig. 7 indicate the relative velocities of the plate pairs. According to the arrows in the same figure, the Australian and the Sunda plates are colliding at about a rate of 60 mm per year. This collision between plates enables an increasing of the stress over time, making possible a sudden energy release in the form of earthquakes and rupturing. This is the simple interaction of the Australian and Sunda plates. However, the situation is more complex since deformation of the overriding plate leads to larger complexities in plate motions (McCaffrey, 2009) . Sumatra sits at the southwestern edge of the Sunda plate (Bird, 2003) , which moves at a few millimeters per year to a centimeter per year eastward relative to Eurasia (Chamot-Rooke and Le Pichon, 1999; Bock et al., 2003) (Fig. 7) . Fitch (1972) explained the presence of the Sumatran fault and other similar faults inboard subduction zones by the process known as slip partitioning. Slip partitioning in the region controls also the mechanisms of the faults that may cause the big earthquakes in the region (McCaffrey, 2009 ). In the case of slip partitioning, one fault is the subduction thrust, which takes up all of the trench-normal slip (the dip-slip component) and some fraction of the trench-parallel slip (the strike-slip component). A second fault, within the overriding plate and commonly strike-slip in nature, takes up a portion of the trenchparallel motion. The subduction thrust and strike-slip fault isolate a wedge of forearc called the sliver plate. The epicenter of the 25 October 2010 Kepulaunan Mentawai earthquake, aftershock distribution and proposed fault mechanism from the USGSs moment tensor solutions (USGS, 2010b) enable the earthquake as a trust faulting on or near the subduction interface plate boundary between the Australian and Sunda plates (Fig. 8) .
Kepulaunan Mentawai Earthquake Tsunami and GDACS response
On , 2010c) . This earthquake generated 3 to 9 m tsunami run-up along southwestern coasts of the Pagai Islands that took at least 431 lives (Lay et al., 2011a) . The population density in the radius of 200 km is 3 people km −2 and population density near epicenter is given in Fig. 9 (JRC, 2010) . Since the population density is low near the epicenter, the number of affected people was not as large as could be expected. Locations and damage extent maps of Sibugau Island and the South Pagai coasts are displayed in Figs. 10 and 11, respectively. The red dash line symbolizes inundation line. The boundaries of inundation can be observed in Fig. 11 and they make visible the enormity of the event. The Indonesian Disaster Management Agency (BNPB) confirmed 545 heavily damaged and 204 slightly damaged houses in the district. Schools, offices, places of worship and infrastructures such bridges were also damaged. It was estimated that 7397 internally displaced persons have been forced to flee their homes due to the disaster (OCHA, 2011). Five minutes after the earthquake, the Indonesia Meteorological, Climatological and Geophysical Agency (Badan Meterologi Kilimatologi dan Geofisika) issued a national warning for a local tsunami. Japan Meteorological Agency reported local tsunami watch 19 min after the occurrence (UNESCO/IOC-NOAA ITIC, 2010). GDACS received the first event information from PTWS (Pacific Tsunami Warning System) 7 min after the event. The preliminary earthquake parameters, Lat: −3.4 • S, Lon: 99.99 • E, magnitude 7.2 (M w ) and hypocenter at 53 km, was issued and pushed to the GDACS system by European Mediterranean Seismological Centre (EMSC) 11 min after the event (Table 3). At that time, the pre-calculated tsunami simulation was retrieved from the scenario database whose epicenter is located in the nearest grid point to the issued earthquake location. The nearest grid point is in −3.5 • S, 100 • E and the magnitude is 7.25 in the database. The earliest arrival times and the maximum tsunami heights at each coastal settlement were retrieved from the calculations of that grid point (Table 4 ). The alert logic for the earthquake indicated low humanitarian impact since the affected region was unpopulated and had medium resilience for natural disasters, while the logic for tsunami indicated a minor event since the estimated height was lower than 1 m; therefore the alert level was defined as green. After the first estimation, GDACS continuously evaluated the earthquake and tsunami impact as the data continued to be provided from international seismological organizations. Correspondingly, GDACS estimated higher or lower heights depending on the issued magnitude, location and depth, based on the results of the pre-calculated scenarios. An evaluation after 2 h and 17 min by using the earthquake parameters of NEIC (report number, 96108 in Table 3 ) with a magnitude of 7.7 and depth 20.7 km caused an estimation of 1m tsunami height in Beleratsok, Mentawai Island, and therefore the orange alert was issued. At that time GDACS automatically sent out 14 000 emails and SMS. The further estimations of the earthquake parameters issued by international seismological organizations temporarily reduced the alert level again until it was definitely set to Orange because the final magnitude estimation of the earthquake was 7.7 and depth 20 km. First report in the international media was published 2 h 18 min after the event by Reuters News Wire (EMM, 2010) . The last automatic report of the GDACS was published 1 day and 15 min after the event. In the final report, the alert level was defined as or- ange. It was assumed that in the orange level there should be a tsunami generated and the maximum tsunami wave height was estimated 1.5 m near the coast of Beleratsok (GDACS, 2010b). The GDACS system was originally designed as an automatic system which uses the preliminary earthquake parameters pushed by different seismological organizations, without relying on manual analysis of the sea level measurements in the area. It was clear, however, from the analysis of the measured sea level values, that the level was higher than estimated. It is important to understand the reasons for these differences in order to improve the system when similar events occur in that area.
Post-event analysis
Although the GDACS system connected with the tsunami scenario database is used on a global scale for near real-time alerts and early warnings, it may overestimate or underestimate tsunami heights due to incorrect initial parameters. In order to improve the results, it has been necessary to take into account the tectonic setting and seismicity of the region and surrounding area. It is important to take into account the fault mechanism solutions, not simply by using epicenter, length, width and depth. The analysis was performed by considering the form of focal mechanism solutions in relation to which the fault plane is responsible for the tsunami.
However, it is still a challenge for researchers to define the focal mechanism solutions such as strike, dip, slip, and rupture velocity of the fault in a real time immediately after an earthquake.
In this section, the modeling of the 25 October 2010 Kepulauan Mentawai tsunami was analysed by using earthquake parameters and fault mechanism solutions provided by USGS (USGS, 2010b) . The initial condition of the tsunami was prescribed as an elevation of sea level identical to the vertical co-seismic displacement of the sea floor and determined from linear elastic dislocation theory (Okada, 1985) . Hence, the earthquake source was modeled as a rupture of a single rectangular fault plane characterized by parameters describing location, orientation, dip, rake angle and rupture direction. The source parameters were referenced as GCMT (Global Centroid Moment Tensors) solutions for this event. The strike, dip and rake of the fault derived from the GCMTs for large worldwide earthquakes using long period surface waves were given as 319 • , 7 • and 98 • for the nodal plane1 (NP1) and as 131 • , 83 • , and 89 • for the nodal plane2 (NP2), respectively (USGS, 2010b). It is not possible to determine solely from a focal mechanism which of the nodal planes is in fact the fault plane. Thus, by taking into account the known tectonic features of the subduction in the region, the NP1 was chosen as the main nodal plane. A rectangular fault model and average uniform slip was assumed for the dislocation area (Fig. 13) . The length and width of the fault was obtained by available empirical relations of scaling low in Eqs. (1) and (2). The amount of average uniform slip was computed using the following equations:
where µ is the rigidity of earth crust, D is the amount of average slip motion, L and W are respectively the length and width of the fault plane, M 0 is the scalar moment of an earthquake and M w is the moment magnitude of an earthquake (Aki, 1966; Hanks and Kanamori, 1979) . The earthquake source parameters and their units are given in Table 5 . The crustal rigidity assumed for the numerical simulation is 4.0 × 10 11 dyn cm −2 . A user interface developed by Annunziato (2007) was used to simulate the tsunami propagation by using the postevent parameters of 2010 Kepulaunan Mentawai Earthquake. It is in the form of a user friendly Windows programme which allows the initial conditions to be manually established and changed. Tsunami propagation models such as SWAN (Mader, 1988 (Mader, , 2004 , TUNAMI-N2 (Imamura, 2006) and HyFlux2 (Franchello, 2008) are included in the interface to verify and compare the hydrodynamic theories (Fig. 12) . The included models solve the two dimensional shallow water equations numerically. SWAN and TUNAMI-N2 use finite difference method. HyFlux2 uses finite volume method.
The models have also been implemented widely by different researchers to simulate tsunami propagations and wave heights in Pacific, Atlantic, and Indian Oceans, with zoom in at particular areas of Caribbean, Japanese, Russian, South China, Mediterrenean seas and Gulf of Cadiz (Yalciner et al., 2000 (Yalciner et al., , 2001 (Yalciner et al., , 2002 Baptista et al., 2003; Zahibo et al.,2003; Yalciner, 2004; Annunziato, 2007; Dao and Tkalich, 2007; Yolsal et al., 2007; Franchello ,2008; Franchello and Krausmann, 2008; Kaabouben et al., 2008; Dao, et al., 2009; Franchello, 2010; Yolsal and Taymaz, 2010; Cruz et al., 2011; Ulutas, 2011) . Although the SWAN (Mader, 1988) model was adapted to the TEWS, which is a part of GDACS, all included models might be used manually in order to predict tsunami arrival times and maximum heights. The program interface allows the establishment and the change of SWAN, TUNAMI-N2 and HyFlux2 models. The initial condition window contains epicenter details, fault parameters, time and bathymetry features, boundaries of calculation area, graphic and numerical code options and case identification. It is also possible to change the form of the fault and its shape. The program can work in manual mode or in automatic mode. Another software application called Tsunami Analysis Tool (TAT) developed by Annunziato (2007) visualizes tsunami travel time and tsunami propagation by using the calculated simulations inserted to the program interface. TAT allows a comparison of the calculated value with the available sea level measurements downloaded from IOC and NOAA web sources.
In this study, the above mentioned models and source parameters of the earthquake were used to simulate the Mentawai Tsunami. Based on the initial parameters, the displacement of seafloor is determined from a linear elastic dislocation theory (Okada, 1985) (Fig. 13) . In Fig. 13 , red indicates uplift, while blue indicates subsidence. Two series of calculations have been performed with the various codes: the first one with cell size 1 min, covering an area from 13.98 • S to 7.01 • N latitude and from 89.61 • E to 110.61 • E in order to compare far distant sea level measurements as the DART 56001, located at −13.96 • S and 110.004 • E. The second one, with cell size 0.25 min, covering from 0.70 • N to 6.70 • S latitude and 96.3 • E to 105.0 • E, in order to have a better definition in the mostly affected area. All the calculations used resampled data originated from the SRTM30+ bathymetry data (Becker, et al., 2009) . The maps of maximum tsunami heights performed using a 0.25 min cell size for SWAN, HyFlux2, and TUNAMI-N2 models are shown in Figs. 14, 15 and 16, respectively. The figures show that highest waves are estimated perpendicular to the strike of the fault. The highest estimated wave heights are 8.0, 5.9 and 3.8 m for TUNAMI-N2, SWAN and HyFlux2 codes, respectively. The heights in this study are relatively higher than the results of Ulutas (2011) for TUNAMI-N2 and SWAN models for the same region. The higher wave heights, when comparing to Ulutas (2011) , are due to the use of the parameters of GCMT solution, higher average slip, more detailed bathymetry and different grid calculations. It should be noted that the highest estimated wave height is obtained with the TUNAMI-N2 code in a location very close to the epicenter, i.e. 8.0 m, which does not correspond to any populated place in our database. The list of some locations with the wave travel times and the wave heights are displayed in Table 6 . The highest waves ranging from 1.4 m to 5.3 m are predicted from the models in Tiop and Bulasat villages. These differences are due to the use of different models and different grid calculations. The use of a more refined grid allows predicting higher wave heights because the points become more and more representative of the real depth. The tsunami arrives at Tiop and Bulasat about 8 and 12 min after the earthquake's origin time, respectively. The values reported in the NGDC (National Geophysical Data Center) database for Bulasat is 3.0 m (NGDC, 2011) and classified as eyewitness reported data but field survey analysis show that the observed tsunami heights are from 6-9 m around the Bulasat village (Koresawa, 2010).
The instrumental records of the Mentawai tsunami were also used for comparing the results of the numerical simulations. The buoy system arrays provide more tsunami measurements for future events, expanding the library of well-constrained propagation scenarios for model verification (Synolakis et al., 2008) . Three buoys gave acceptable readings in that region. One of them is TS10 (lat/lon: 2.789167 • S/98.92194 • E), which is an an experimental GPS device installed in the frame of the German Indonesian Tsunami Early Warning System (GITEWS), another is TNBL (lat/lon.: 0.59 • S/98.5 • E). TNBL (Tanah Bala) is run by Badan Koordinasi Survei dan Pemetaan within the framework of UNESCO/IOC available from the web site (http://www.ioc-sealevelmonitoring.org), and the last is DART 56001 developed by PMEL (Pacific Marine Environmental Labaratory) available from the web site (http:// www.ndbc.noaa.gov/dart.shtml). The locations of the buoys are presented in Fig. 13 . The time series of tsunami heights from the three models at the location of TS10, TNBL and DART 56001 are shown in Figs. 17, 18 and 19, respectively. The computed simulations of SWAN, TUNAMI-N2 and HyFlux2 models are compared with these buoy readings for the 0.25 min grid size calculations.
For the TS10 sensor, the numerical models tend to give estimations that are very close to the measured data. The periods of SWAN, TUNAMI-N2 and HyFlux2 are almost identical for the first peak of the wave. The SWAN and HyFlux2 show identical periodic waves and appear to be similar for the second and third wave trains. Although the time series of the waves are slightly delayed in TUNAMI-N2, the wave heights are higher those that of SWAN and HyFlux2. The maximum value of the first peak is about 15 cm and the estimated value is about 10 cm. However, it should be considered that this sensor contains a rather large oscillation even before the event, in the order of 4 cm, which is therefore influencing also the maxima during the tsunami. The tidal gauge TNBL readings and results of numerical models are compared in of first peak which is 30 % lower. Although the wave periods of the models were almost in good agreement with the observed data, the wave heights were underestimated. The exact reproduction of the tidal gauges is not easy because the local conditions where the gauge is installed may strongly influence their response. In general these gauges are installed in ports and the detailed description of the port and its bathymetry would be necessary for a correct reproduction of the measured values. The DART 56001 recorded the tsunami waves, with peak-to-through amplitudes not exceeding 1 cm. However, it can be seen that all the performed models almost fit well with the DART 56001 records (Fig. 19) . 
Discussion and conclusions
This study presented the background and response of the Global Disasters Alerts and Coordination System (GDACS) to provide early estimates of the potential effect of tsunamis and issue alerts to the humanitarian community. The 25th October 2010 Kepulaunan Mentawai earthquake was chosen as the case study for the performance of the GDACS and post-event analysis of the earthquake. This web-based system is capable of releasing early warning information, including both tsunami arrival times and wave heights. Although it is difficult to release tsunami warnings in real time for near field regions, the GDACS reported a "green alert" to its users 11 min after the earthquake. The revised earthquake parameters pushed to the GDACS 2 h and 17 min after the event caused an "orange alert" to be issued. Unfortunately, shortly after occurrence of the earthquake, the detailed rupture mechanisms are not available for a simulation to get started. GDACS relies on pre-calculated scenarios selected using the earthquake estimations and in this case the latest verified estimate of the magnitude was issued 2 h after the earthquake. However, even with the latest verified magnitude by the seismological organizations, the estimated height (1.5 m) was much lower than the observed tsunami wave heights about 8-9 m. The objective of the paper was therefore to understand the reason for this discrepancy. Although the preliminary estimates were successfully used in many other cases, such as the 2009 Samoa tsunami, the 2010 Chile tsunami and the 2011 Japan tsunami (GDACS, 2009 (GDACS, , 2010a (GDACS, and 2011 , the impact of the tsunami was not calculated correctly in this study event without considering the source mechanism solutions and an increased amount of slip during the rupture. After employing the USGS (2010b) source model and assumed fault parameters, the maximum heights predicted were 5.3 m (red alert) and 4.2 m in Tiop and Bulasat, respectively. These heights are higher than those predicted by pre-calculated models but are still consistently smaller than was reported by the field surveys (Koresawa, 2010) . In some calculations we estimated about the same height as the field surveys, far from populated locations. The major reasons for the different estimations between the precalculated models and the post-event analyses could be attributed to considering the different fault mechanism and related initial deformation and to the too coarse bathymetry used for the pre-calculated scenarios. In particular, the value of the average slip was too low in connection with the assumption of uniform rupture area for the initial water surface deformation giving rise to the tsunami. In this study, the amount of slip motion was calculated using the equations of seismic moment (Aki, 1966) by using the scalar moment, rigidity, fault length and fault width. The average slip parameter was calculated as 4.76 m according to the seismic moment of the earthquake. The calculated average slip for this earthquake gives reasonable tsunami results when the GCMT fault mechanism parameters are used. The average slip is larger than the value that is used by GDACS automatic calculations. The reason for the larger tsunami run-ups was also accounted for by some authors who propose that this earthquake ruptured narrow margins up-dip of great underthrusting fault with total slip of 2-4 m over an ∼100 km long source region (Lay et al., 2011a, b) ∼ µ. The detailed post-event analysis (Newman et al., 2011) identified the slow propagating nature of this earthquake: the reduced rupture velocity could have been caused by regional reductions of the crustal rigidity along the shallow trench and the smaller crustal rigidity could have contributed to an increased initial slip, causing the 5-9 m local tsunami runup. The local different variable rigidity has not been accounted for in this study; rather, a uniform increase of the initial height has been accounted for and allowed to improve the results of the calculations. The consequences of the above assumptions might be an increase of the initial slip, which then resulted in a better agreement with all the measured data. We believe that the implications of the post-event study in light of the GDACS system's assessment of the earthquake will contribute to improve the approach for the pre-defined scenario database in the region. A better understanding of the active tectonics and rupture process in the region is important for evaluating the possible consequences of the future tsunamis for risk mitigation. In addition, the strong relation between bathymetry cell size and maximum estimated height suggest that the future version of the scenario database, in preparation at JRC, needs to be performed with greater detail close to the coast. Indeed, this is the way the new tsunami online calculation system and the corresponding new version of the scenario database will be developed. More refined calculations will be performed in locations where the coarse calculations evaluate higher water heights. A dedicated report to describe the new method is in preparation at JRC.
